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Abstract
Martensitic transition temperature steadily decreases in Ni2−xFexMn1.5In0.5
and is completely suppressed at x = 0.2. Despite suppression of martensitic
transition, Ni1.8Fe0.2Mn1.5In0.5 does not display the expected strain glassy
phase. Instead, a ground state with dominant ferromagnetic interactions is
observed. A study of structural and magnetic properties of x= 0.2 reveal that
the alloy consists of a major Fe rich cubic phase and a minor Fe deficient
monoclinic phase favoring a ferromagnetic ground state. This is exactly
opposite of that observed in Ni2Mn1−yFeyIn0.5 wherein a strain glassy phase
is observed for y = 0.1. The change in site symmetry of Fe when doped for
Ni in contrast to Mn in the Heusler composition seems to support the growth
of the ferromagnetic phase.
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1. Introduction
Strain glass phase occurs in an impurity doped ferroelastic alloy when
the dopant concentration exceeds a certain limit. This phase is analogous
to a spin glass or a cluster glass phase in magnetic systems [1, 2]. Strain
glass phase is a frozen disordered ferroelastic phase with a short-range strain
order formed in a material undergoing a first-order transformation [3, 4, 5].
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Martensitic to strain glass transition is considered to be a natural conse-
quence of impurity doping and has been shown to occur in many different
impurity doped martensitic alloys like NiTi, TiPd, Au-Cu-Al, FeNiMnC, etc.
[6, 2, 1, 7].
A material undergoing martensitic transformation exhibits a structural
change from a high symmetry austenitic structure (usually cubic) to a lower
symmetry martensitic structure. On the other hand, the strain glassy phase
consists of nano-sized domains with frozen elastic strain vector, and as such,
the crystal structure of such material remains invariant across the transition
temperature Tg [8]. The important characteristic of a strain glassy phase,
however, is the behavior of the dip in storage modulus and peak in the imag-
inary part of dynamical mechanical properties (loss or tan δ) in accordance
with the Vogel-Fulcher law [9, 10]. Another characteristic that distinguishes
a strain glassy phase from pre-martensitic tweed is the existence of ergodic-
ity breaking as evidenced in zero field cooled (ZFC) and field cooled (FC)
experiments.
Recently, an unusual strain glassy phase was reported in Ni2Mn1.4Fe0.1In0.5
with a Tg = 350K [11]. The alloy, though has an incommensurate 7M modu-
lated martensitic structure at room temperature, exhibits other glassy char-
acteristics like the frequency dependent behavior of storage modulus and
loss obeying Vogel Fulcher law and ergodicity breaking between ZFC and
FC measurements just above the transition temperature. The existence of
modulated structure was explained due to the presence of strain domains
large enough to present signatures of long-range martensitic order in diffrac-
tion measurements but remain non interacting with each other due to the
presence of an minor impurity phase rich in Fe [11].
While strain glassy phase is quite common in binary alloys like NiTi,
AuCu, etc., relatively few Heusler alloys have been reported to exhibit strain
glass phase. Apart from Ni2Mn1.5−xFexIn0.5, Co doped Ni-Mn-Ga (Ni55−xCoxMn20Ga25)
is the only other Heusler alloy to exhibit strain glassy phase [12]. In an X2YZ
Heusler alloy, the site symmetry of the X site (4¯3m) is different from that
of Y and Z sites (m3¯m), and this difference is known to affect structural
and magnetic interactions. Therefore, it would be interesting to explore the
effect of site occupancy on the occurrence of strain glassy phase in Heusler
alloys. Presence of strain glassy phase in Ni2Mn1.5−xFexIn0.5, wherein Fe is
doped for Mn at the Y/Z site is already documented [11]. Here, we explore
the effect of Fe doping at Ni (X) site in the same martensitic composition
of Ni2Mn1.5In0.5 to realize Ni2−xFexMn1.5In0.5 (x = 0, 0.1, 0.15, 0.2). The
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main objective is to test the universality of strain glassy phase in Heusler
alloys and to understand site dependent preferences of the impurity atoms,
if any, in driving such non-ergodic transitions. Through a study of struc-
tural, mechanical, transport and magnetic properties of Ni2−xFexMn1.5In0.5,
we report absence of strain glassy phase in x = 0.2 alloy composition and
attribute it to a phase separation of the alloy into a mixture consisting of
majority ferromagnetic austenitic phase that is rich in Fe and a minority
martensitic phase that is poor in Fe content. This situation is interesting be-
cause such a phase separation is exactly opposite to that occurring in strain
glassy Ni2Mn1.4Fe0.1In0.5.
2. Experimental
The alloys, Ni2−xFexMn1.5In0.5 (x = 0, 0.1, 0.15, 0.2), were prepared
by arc melting in argon atmosphere ensuring stoichiometric proportions of
each constituent element. The homogeneity of individual alloy mixture is
guaranteed by flipping over the ingot several times during the preparation
process. A part of every bead was cut, and remaining was powdered. The
cut bead and the powder covered in tantalum foil were encapsulated in an
evacuated quartz tube, annealed at 750◦C for 48 hours and subsequently
quenched in ice cold water. The alloys so formed were subjected to scanning
electron microscopy with energy dispersive x-ray (SEM-EDX) measurements
and the compositions obtained are reported in Table 1. In general an error
of 2–5% was noted in the compositions of the alloys. In order to obtain
room temperature structural information, x-ray diffraction (xrd) patterns
were recorded on powdered samples using Mo Kα radiation in the angular
range of 10◦ to 70◦. Synchrotron x-ray diffraction measurement was also
achieved on BL-18B at Photon Factory, KEK, Tsukuba, Japan using inci-
dent photons of 16 KeV. The diffraction patterns were recorded at 300 K
and 500 K to study the structural changes occurring with Fe doping. The
martensitic transformation temperatures were confirmed using differential
scanning calorimetry (DSC) and four probe resistivity measurements. DSC
measurements were performed using Shimadzu DSC-60 on 7-8 mg pieces of
each alloy crimped in aluminium pan by heating/cooling at a constant rate
of 5◦C/min. The resistivity measurements were carried out by normal four
probe method on rectangular pieces of dimensions 9.7 mm × 3 mm × 1 mm.
Dynamic mechanical analyzer (DMA) (Q800, TA Instruments) was used to
obtain frequency-dependent measurements of AC storage modulus and in-
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ternal friction (tanδ). Measurements were performed using 3 point bending
mode by applying a small AC stress that generated a maximum displacement
of 5 µm at different frequencies in the range of 0.1 Hz to 7 Hz on rectangular
pieces of (10 mm × 5 mm × 1 mm) dimensions. Temperature-dependent
magnetization measurements were carried out using a SQUID magnetometer
in the applied magnetic field of 50 Oe in the temperature range of 10 K to
380 K during zero field cooled (ZFC), field cooled cooling (FCC), and field
cooled warming (FCW) cycles.
Table 1: Nominal and Actual composition as obtained from SEM-EDX analysis of the
four alloys.
Sr No. Nominal composition Actual composition
1 Ni2Mn1.5In0.5 Ni2.01Mn1.45In0.53
2 Ni1.9Fe0.1Mn1.5In0.5 Ni1.88Fe0.13Mn1.48In0.51
3 Ni1.85Fe0.15Mn1.5In0.5 Ni1.81Fe0.18Mn1.51In0.5
4 Ni1.8Fe0.2Mn1.5In0.5 Ni1.75Fe0.23Mn1.52In0.5
3. Results and Discussion
The x-ray diffraction patterns for all the samples recorded at room tem-
perature are displayed in Fig. 1. Le Bail refinement on these xrd patterns
indciate that the samples with x = 0, 0.1 and 0.15 exhibit an incommensu-
rate 7M modulated structure. This implies their martensitic transformation
temperature, TM is above room temperature [13, 14] (see Fig. 1a to Fig. 1c).
The alloy composition with x = 0.2, on the other hand, exhibits a cubic phase
(Fig. 1d) implying its martensitic temperature to be either below room tem-
perature or completely suppressed. The lattice constant of the cubic phase
was obtained to be 5.980368(224)A˚ which is very close to the limiting value
of a martensitic transition to be observed in Ni-Mn based Heusler alloys
[15]. Hence a cubic structure at room temperature could be due to complete
suppression of the martensitic phase in the alloy with x = 0.2. It must be
pointed out, that a few additional peaks of very weak intensity (see Fig. 1d)
are seen on the two sides of the main peak belonging to a minority phase.
The austenite to martensite transition temperatures for x = 0, 0.1, 0.15
and 0.2 were concluded through the exothermic and endothermic thermo-
grams of the DSC measurements presented in Fig. 2a to Fig. 2d respectively.
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Figure 1: X-ray diffraction patterns of Ni2−xMn1.5FexIn0.5. Alloys with x = 0, 0.1, 0.15
display incommensurate 7M modulated monoclinic structure and x = 0.2 exhibits cubic
structure. Inset shows a presence of a minor impurity phase (marked as ∗) in x = 0.2
alloy.
The hysteresis in the warming and cooling cycle confirms the first order na-
ture of the transition. The effect of Fe doping is evident from the fact that
a slight increase in Fe content results in a sharp decrease in the martensitic
transition temperature as seen in Fig. 2. This observation is consistent with
earlier results of Fe doping in Ni-Mn based Heusler alloys [16, 17, 11]. The
cubic composition Ni1.8Mn1.5Fe0.2In0.5 does not seem to show any transition
over the temperature range of 450K-150K as can be seen from Fig. 2d. In-
stead, a kind of broad feature in the temperature range of 350K to 200K is
visible during the warming cycle. Such behavior normally occurs due to the
presence of a transition to strain glassy phase[3]. During the cooling cycle,
a relatively sharp drop beginning at about 275K is clearly noticed. Though
the usual care was taken to avoid any contamination due to moisture, such
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changes in DSC thermograms could also be due to the presence of a minor
amount of moisture content either in the sample environment or in the purge
gas.
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Figure 2: Differential scanning calorimetry plots during warming and cooling cycles per-
formed at the rate of 5 degrees/min in Ni2−xMn1.5FexIn0.5 (x = 0, 0.1, 0.15, 0.2).
To explore the possibility of a strain glass transition in Ni1.8Fe0.2Mn1.5In0.5,
DMA measurements were carried out on alloys with x = 0, 0.1, 0.15 and 0.2
at multiple frequencies in the range 0.1 Hz to 7 Hz. The elastic properties,
storage modulus and loss (tan δ) of these samples as a function of tempera-
ture at a single frequency of 1.1 Hz are presented in Fig. 3. A sharp dip in
the storage modulus and a peak in the loss is seen at the onset of martensitic
transition for all the transforming compositions up to x = 0.15. However,
the composition x = 0.2 shows a broad valley in the storage modulus and
a broad peak in the loss at about 280K. Another broad feature in the loss
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is seen at 450K, but there is no corresponding feature seen in the storage
modulus. The frequency dependence of storage modulus and loss feature at
280K were probed and are displayed in Fig. 4. No Vogel-Fulcher dependence
is seen as a function of frequency indicating the absence of a strain glassy
transition in this alloy (see inset of Fig. 4). The loss feature at 450K also did
not show any frequency dependence in accordance with Vogel-Fulcher law.
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Figure 3: Temperature dependent ac storage modulus and tan δ measurements for the
series Ni2−xMn1.5FexIn0.5 (x = 0, 0.1, 0.15, 0.2) at a representative frequency of 1.1 Hz.
Thus Ni1.8Fe0.2Mn1.5In0.5 neither displays a martensitic transition nor
a strain glassy phase. Further, the possibility of crystallization of strain
glassy phase was checked by performing repeated DSC measurements on x
= 0.2 alloy after giving it an isothermal treatment at certain temperatures
below 300K [18], but the DSC thermograms did not show any significant
changes. Hence SEM-EDX measurements were re-looked. The surface ele-
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Figure 4: Temperature dependent ac storage modulus and tan δ measurements for the
composition Ni1.8Mn1.5Fe0.2In0.5 at multiple frequencies. Inset shows plot of Tg versus
logω which is not in accordance with Vogel Fulcher relation for glassy dynamics.
mental mapping revealed the existence of two regions, a minor region severely
deficient in in Fe (Ni1.92Fe0.08Mn1.5In0.5) embedded in a relatively Fe rich
(Ni1.71Fe0.29Mn1.5In0.5) matrix. As mentioned earlier, the room temperature
xrd performed on laboratory source showed a major cubic phase with a few
extra peaks belonging to a minority phase. As a result, a careful Lebail anal-
ysis is carried out on the synchrotron xrd data recorded at 300K and 500K
and is presented in Fig. 5.
At room temperature, while the undoped alloy, Ni2Mn1.5In0.5 exhibits the
expected 7M incommensurate martensitic structure (Fig. 5a), Ni1.8Fe0.2Mn1.5In0.5
exhibits a coexistence of two phases, a major cubic phase and a minor phase
fitted to 7M monoclinic structure in a ratio 80:20 (Fig. 5b). The trans-
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Figure 5: The lebail refined data for the compositions (x = 0 and 0.2) in
Ni2−xMn1.5FexIn0.5 at two temperatures 300 K and 500 K. Inset A shows biphasic compo-
sition x = 0.2 at 300K in wherein the secondary phase is marked with ∗ which disappears
at high temperature (inset B).
formation temperature of the undoped alloy being close to 400K, its high
temperature (500K) structure is expectedly cubic as can be seen in Fig.
5c. Interestingly, the x = 0.2 alloy also exhibits a single phase cubic struc-
ture at 500K (Fig. 5d). A comparison of the two insets, A and B in Fig.
5, showing an expanded view of the region near the main (220) reflection
of the cubic phase reiterates vanishing of the minority monoclinic phase in
Ni1.8Fe0.2Mn1.5In0.5 at 500K. This implies that the monoclinic phase fraction
transforms to cubic phase at some temperature below 500K. DSC measure-
ments reported in Fig. 2 show that all compositions with Fe content, x < 0.2
undergo martensitic transition in the temperature interval of 300K to 400K.
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Therefore the Fe poor phase detected in Ni1.8Fe0.2Mn1.5In0.5 at 300K under-
going a transformation to cubic phase in the temperature range from 300K
to 500K is not surprising. There is also no significant difference in the lattice
constants of the cubic phase of x = 0 and x = 0.2 alloys so only a single
cubic phase appears at T ≥ 500K. Nucleation of such minor phases has been
reported in other alloy families as well [19]. A structural phase transition
of a minor phase embedded in a major non transforming matrix could be
the cause of broad transition seen in the DSC thermogram around 300K.
The broad nature of the transition could arise due to minor compositional
variation of the structural compositions from one region to another. Further
support to this argument is gained from the broad feature seen around 350K
in the ac storage modulus reported in Fig. 4(a).
Temperature dependent xrd measurements reveal presence of a major Fe
rich cubic phase (∼ 80%) and minor Fe poor martensitic phase (∼ 20%) in
Ni1.8Fe0.2Mn1.5In0.5. This is exactly opposite to the situation in strain glassy
composition, Ni2Mn1.4Fe0.1In0.5. In order to understand the effect of such a
reversal of phase fraction on transport and magnetic properties, temperature
dependent resistivity and magnetization are measured and presented in Fig.
6. The resistivity of Ni2Mn1+xIn1−x martensitic alloys displays a sharp jump
at the martensitic transition temperature with its magnitude almost doubling
below the transition and pronounced hysteresis between the warming and
cooling cycles. Those compositions are not undergoing martensitic transition
display a typical metallic behavior in the entire temperature range. For a
strain glass, a broad anomaly at Tg, instead of a sharp increase in resistivity
is noted, and it is also devoid of any hysteretic behavior during the warming
and cooling cycles. The resistivity plot for the composition with x = 0.1
is presented in Fig. 6a. A sudden increase in resistivity can be seen at the
martensitic transition temperature. Hysteresis in resistivity measured during
the warming and cooling cycles is also present. However, in the case of x
= 0.2, the resistivity behavior completely changes (Fig. 6b). It displays a
metallic behavior with an anomaly at 314K followed by a weak hysteresis
that is more prominently seen in the temperature range of 250K to 140K.
Such a resistivity behavior could be ascribed to major cubic phase seen from
the diffraction measurements (see Fig. 5c).
Magnetization as a function of temperature in an applied field of 5 mT
during ZFC, FCC and FCW cycles for x = 0.1, and 0.2 compositions are pre-
sented in Fig. 6 c and d respectively. The temperature dependent magneti-
zation behavior of x = 0.1 is quite similar to that of the undoped composition
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Figure 6: Resistivity and magnetization plots for the compositions (x = 0.1, 0.2) in
Ni2−xMn1.5FexIn0.5. Resistivity data were recorded during warming (red) and cooling
(blue) cycles while magnetization data was recorded in 5 mT applied filed during warming
after cooling in zero field (ZFC - black) and subsequent cooling (FCC - blue) and warming
(FCW - red) cycles. Inset A presents magnetization for the x = 0 composition while Inset
B highlights the sharp rise in magnetization in the composition x = 0.1 at 314K.
(x = 0) shown in inset A in Fig. 6. While a clear hysteresis in cooling (FCC)
and warming (FCW) cycles around 350K corresponding to the martensitic
transition of the alloy can be seen in x = 0.1, no such transition is seen
in x = 0. This is presumably because of the high temperature limit of the
magnetometer (∼ 380K) is below the martensitic transition temperature of
Ni2Mn1.5In0.5 alloy (TM = 400 K). On the other hand, the magnetization of
Ni1.8Fe0.2Mn1.5In0.5, shows a sharp increase corresponding to a paramagnetic
to ferromagnetic transition at 314K matching well with the change in slope
seen in the resistivity measurement. A small but sharp increase in magneti-
zation at about the same temperature is also seen in x = 0.1 (see inset B of
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Fig. 6). Fe doping in Ni-Mn based martensitic alloys is shown to strengthen
the ferromagnetic austenitic phase and suppress the martensitic transition
[16, 17]. Therefore the ferromagnetic transition in x = 0.2 alloy arises from
the magnetic ordering of the majority cubic phase and the presence of hys-
teresis in the FCC and FCW curves seen in the temperature interval of 350K
- 150K could be due to the presence of minor martensitic phase as seen from
the synchrotron xrd studies (see Fig. 5). The presence of a similar transition
at 314K in x = 0.1 could be an indication of similar phase separation as in
x = 0.2 alloy. In x = 0.1 the ferromagnetic phase could be a minor phase
whose fraction increases with increase of Fe content.
In Ni2Mn1.5In0.5, strain glassy phase is observed when Fe is doped for Mn
resulting in Ni2Mn1.5−xFexIn0.5 while it is absent when Fe is doped for Ni
resulting in Ni2−xFexMn1.5In0.5. Ni2Mn1.4Fe0.1In0.5 though has a modulated
monoclinic structure, exhibits glassy dynamics due to the presence of a minor
impurity phase, rich in Fe. The impurity phase restricts the long-range in-
teractions between the elastic strain vector resulting in glassy dynamics [11].
The situation in Ni1.8Fe0.2Mn1.5In0.5 is reversed. Synchrotron xrd studies on
this alloy indicate cubic phase to be the major phase with only a small frac-
tion (∼ 20%) exhibiting modulated structure at 300K. Therefore it appears,
site symmetry of the dopant atom plays a key role in determining the ground
state of such Heusler alloys. When Fe is doped at the X site which has a
4¯3m site symmetry, ferromagnetic cubic interactions are promoted leading to
a major fraction of the sample remaining in cubic phase. Presence of ferro-
magnetic interactions suppress martensitic interactions and therefore strain
glassy phase is not observed. Whereas, when Fe atoms occupy Y or Z sites in
Heusler lattice, ferromagnetic interactions are not promoted and instead re-
sult in a minor impurity phase that limits the long range interaction between
elastic strain vector leading to a strain glassy phase.
4. Conclusions
In conclusion, though impurity doping of Fe at Ni site in Ni2Mn1.5In0.5
suppresses martensitic transition, the dynamical mechanical properties, in
particular, the peak in loss factor does not follow Vogel-Fulcher law as ex-
pected for a strain glassy phase. Instead, a crossover from a ground state
dominant in antiferromagnetic interactions to a ground state dominant in
ferromagnetic interactions is observed. The ferromagnetic interactions arise
due to the formation of a major cubic phase relatively rich in Fe as evidenced
12
by synchrotron xrd and magnetization studies. These ferromagnetic inter-
actions suppress the glassy dynamics leading to the absence of strain glassy
phase in Ni1.8Fe0.2Mn1.5In0.5.
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